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CHARACTERIZATION OF RICINOLEIC ACID COATED SPINEL 
NANOPARTICLES 
AND 
MICROFABRICATION OF A FOUR POINT DEVICE FOR NANOWIRE 
ELECTRONIC CONDUCTIVITY MEASUREMENT 
ANNY MINERVA HIERRO 
ABSTRACT 
I. Characterization of Ricinoleic Acid Coated Spinel Nanoparticles 
Magnetic nanoparticles are of great interest today due to their potential 
contributions to the development of new imaging technologies. Ferrites, in 
particular, stand out because of their significant magnetic susceptibilities and 
relative chemical stability as candidates for a number of applications in 
technological, biomedical and environmental research . In this chapter, the 
vibrating magnetic susceptibility studies of a series of ricinoleic acid coated non-
magnetite spinels with the form MFe204 (M= Co, Ni, Mn, Zn) will be presented. 
Results indicate similarities between the magnetic saturation susceptibility (Ms) 
values obtained for Ni and Mn samples (55.9 emu/g and 48.8 emu/g, 
respectively), and published values for spinel nanoparticles coated with oleic acid 
and other surfactants (-50 emu/g and -20-50 emu/g respectively)[11 . Co samples 
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demonstrated a low Ms of 5.06 emu/g in comparison to published resu lts (-6-90 
emu/g[1b, 21). These results can be attributed to small core size[2aJ and/or presence 
of other species during measurements such as cobalt oxide[3l. Finally, the Zn 
sample demonstrated dispersion difficulties and low magnetic susceptibility and 
was subjected to a series of pH dependent studies resulting in a maximum Ms of 
17.7 emu/g at pH 8. Maximum magnetic susceptibilities have been attained by 
optimization of facile air-stable hybrid co-precipitation hydrothermal syntheses 
demonstrating how magnetic susceptibilities can be affected by the reaction 
conditions, which affect the size of nanoparticles. 
II. Microfabrication of a Four Point Device for Nanowire Electronic 
Conductivity Measurement 
The development of one-dimensional (1 D), electronically conducting 
nanowires has attracted interest due to their possible integration into 
submicroscale electronic devices. The Doerrer group is investigating the 
preparation of electrically conductive, 1 D, one atom wide nanowires employing a 
bottom-up approach. This chapter describes the design and development of a 
substrate for four-point probe electronic conductivity measurements with sub-
micrometer scale Au wires utilizing micro-fabrication techniques for the 
characterization of the aforementioned structures. Potentially, the design would 
allow the user to deposit a sample on the micrometer scale Au contacts without 
viii 
the need for submicron probes. Initial devices are not well defined at the smallest 
submicron features (<1 IJm). Preliminary thin film four point probe measurements 
of TIF-TCNQ (tetrathiafulvalene tetracyanoquinodimethane) using dropcast films 
on submillimeter features are encouraging. 
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Chapter I. Characterization of Ricinoleic Acid Coated Spinel Nanoparticles 
1 
1.0. Introduction 
Magnetic nanoparticles are promising carriers for drug targetingl4l, for 
enhanced contrast agents for magnetic resonance imaging r4a, 51 and catalysis in 
processes such desulfurization of natural gas [61, due to their small scale, 
biocompatibility, stable dispersion in a number of solvents and their retention of 
magnetic properties after modification. The nanoparticles can be tailored to bind 
to specific sites ideal for cancer treatments and tumor targeting, as well as drug 
deliveryr4a. 71 . In electronic devices ferrite spinels, as nanoparticles, are actively 
used in a number of devices including electric motors, amplifiers, electronic 
sensors, and transformersr81 . Current research focuses on biomedical imaging 
and diagnosis of lesions utilizing the magnetic nanoparticles to target the affected 
areas. Studies reveal that these nanoparticles accumulate around tumors due to 
differences in tissue compositionsr4a1. Current results in the field of medicine 
including iron oxide nanoparticles are promising and utilizing similar technology 
could have a great impact for petrochemical industries by the use of their 
contrast agent abilities in magnetic resonant imaging during reservoir analysis. 
Iron oxide nanoparticles, both Fe203 and Fe304, have been demonstrated 
to be of great value because of their high magnetic susceptibilities, electrical 
resistivity, and chemical stabilityf8-91 . A particularly intensely investigated iron 
oxide is magnetite, Fe(II)Fe(III)204, one member of the spinel family. Other 
ferrite spinels of the form A(II)Fe(III)204, are also under investigationr101. The 
ability to prepare a wide variety of ferrite spinel nanostructures, in wh ich A is a 
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divalent metal in a tetrahedral environment, has opened an exciting path in a 
number of research fields and could have a significant impact in the fields of 
biological and electronic technology. 
The focus of the research in this thesis is the characterization of ricinoleic 
acid-coated ferrite spinels. Magnetic nanoparticles of benign composition and 
coating with high magnetic susceptibilities, stable dispersion, and resistance to 
high temperatures and pH variation could be perfect candidates to be introduced 
into petrochemical reservoirs for detection by long-range magnetic field 
perturbations. 
The following chapter will discuss the magnetic characterization, by 
vibrating sample magnetometer studies and the synthesis optimization of a 
series of ricinoleic acid-coated spinels of the form MFe204 (M= Co, Ni, Mn, Zn). 
Comparative data were sought to optimize the synthesis conditions to obtain 
higher magnetic susceptibility without compromising the nanoparticle size, 
stability or morphology. 
1.1. Nanomaterials 
Nanomaterials are a fast growing and crucial technology sector with 
product consumptions ranging from personal devices, such as portable 
electronics to broader fields, including medical and military development. The 
term "nanomaterial" refers to an array of substances with at least one dimension 
3 
under 100 nanometers and can consist of polymers, ceramics or metals111 l . The 
development of nanomaterials is of particular interest due to their small size 
domain and their behavior in comparison to their bulk counterparts. At such 
diminutive scales, the properties of nanomaterials vary due to the increased 
relative surface area and quantum effects. The difference in surface area to 
volume ratio can result in greater chemical reactivity and enhancement of the 
material properties. Most essentially, understanding the behavior of materials at 
this scale is crucial in enhancing their mechanical, optical, catalytic, electrical and 
magnetic properties as well as aiding in the modification of their synthesis and 
development. 
1.1.1. Nanoparticles 
Nanoparticles in particular are of great interest since control over their size 
and solvents for dispersion can be achieved by the selection of coating . Popular 
methods for the development of monodisperse nanoparticles include the use of 
capping agentsl12l or surfactants1131 that aid in stabilizing the nanoparticle 
suspension providing both protection of the core by the surface shell and creating 
a repulsive electrostatic or steric interaction between the formed nanoparticles to 
avoid aggregation. Functionalization of the surface chemistry can be manipulated 
to accommodate these desired parameters making them customizable. The 
following chapter focuses on ferrite spinel NPs coated with ricinoleic acid, a 
benign and inexpensive surfactant. 
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1.2. Magnetic Nanoparticles 
1.2.1. Ferrites 
Ferrites have attracted the interest of the scientific community due to their 
convenient synthesis and relatively large magnetic susceptibilities. Nanoparticle 
iron oxides are categorized as nanocrystals derived from magnetite 
(Fe(II)Fe(III)204) by introducing compatible metallic cations in the place of Fe(ll), 
with significant magnetic saturation (Ms) up to 100 emu/g1141 at room 
temperature. At scales less than 20 nm in diameter they demonstrate 
superparamagnetic behavior in which the particles become magnetized in the 
presence of a magnetic field 1151 . The minute particles have sufficient thermal 
energy to overcome the anisotropic orientation of each particle acting as a 
magnet, leading to fluctuation of the magnetization resulting in a magnetic 
moment and zero net coercivityl1 51 . 
1.2.3. Normal and Inverse Spinels 
Spinels can be found abundantly in nature in gemstones and limestones in 
regions of Asia and Africa, in the form of Balas Ruby MgAh04, for example. 
Additionally variations, such as, (Mg,Fe)(AI,Cr)204 are commonly found in 
peridotite, an igneous rock, in the uppermost earth's layer. These and other 
natural spinel examples have inspired the scientific community to pursue their 
synthetic development1161. 
5 
A number of spinels are known today and can be prepared in a variety of 
compositions including magnetite Fe(II)Fe2(III)04 (Fe304) an inverse spinel that 
contains Fe(lll) on one-eighth of the tetrahedral sites (A) and one each of Fe(ll) 
and Fe(lll) on half of the octahedral sites (B) in a closely packed arrangement of 
oxide ions. Magnetite samples have measured magnetic susceptibilities between 
92-100 emu/g[17l. This configuration opens a path for a variety of spinels by 
clever introduction of divalent metals in one quarter of the "B" sites with a product 
having the same (inverse) spinel structure. 
The first crystallographic characterization of a spinel is Bragg's 
magnesium aluminate MgAb04 spinel established in 1915[181. This structure 
demonstrated exceptional lattice stability, by achieving a cation to anion ratio of 
3:4. In all spinels, the oxygen atoms have a face centered cubic structure with 32 
octahedral and 64 tetrahedral interstitial sites in each unit cell (containing eight 
times the basic formula AB204). In a normal spinel the divalent cations "A" 
occupy tetrahedral sites, while the trivalent cations "B" occupy the octahedral 
sites[a. 191, such that one-eighth of the tetrahedral sites and half of the octahedral 
sites are occupied. ZnFe204, for example is a normal spinel and one of the 
structures to be discussed in this study. 
On the other hand, Inverse spinels have a different cation distribution in 
which "B" sites are equally by divalent and trivalent cations, and the "A" sites 
have exclusively trivalent cations. Magnetite Fe304 and both CoFe20 4 and 
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NiFe20 4 , have this inverse spinel structure. Cobalt and Nickel ferrite, are 
ferromagnetic materials, whereas Zinc ferrite, demonstrates antiferromagnetic 
behavior due to their relative lattice interactions. Ferrites have ionic bonding, like 
all oxides, and their magnetic ordering tends to be antiferromagnetic, however 
differences exist depending on the cation arrangements in the magnetic lattice. 
The strongest magnetic interaction in this structure corresponds to "AOB" 
interactions in which A corresponds to the tetrahedral cations, B to the octahedral 
cation , and 0 to oxygen anions. Both Zn and Fe ions occupy octahedral sites 
with antiferromagneticallyl coupled Fe centers in the Zn ferrite resulting in a zero 
magnetization. In the case of the cobalt and nickel ferrite, the non-Fe cations 
occupy different sublattices resulting in an increase in the magnetization18 · 19bl_ 
Overall, in a spinel structure the addition of paramagnetic cations could 
lead to a higher magnetic susceptibility depending on the lattice interactions. The 
manipulation of cation occupations is a promising route for the optimization of 
ferrite spinel NPs to obtain maximum magnetic saturation .. 
1.3. Preparation Methods 
Known preparation methods can be grouped into three different routes: 
chemical 11b, 201, physical1211 , and biological1221 , in which the chemical route 
comprised approximately 90% of the publications. In this category, nanoparticle 
synthesis via precipitation comprises 27% of the chemical work in the literature, 
followed by hydrothermal and microemulsion methods120b1. These, and a few 
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other methods[2oa, 20e, 231, have been successful in the production of ferrite 
nanoparticles with narrow size distribution and stable dispersions both in 
aqueous and organic solvents. 
1.3.1. Biological Methods 
1.3.1.1. Biomolecule-Mediated Nanoparticles Self-Assembly 
Nanoparticle self assembly can be achieved by the introduction of 
"molecular glues", biomolecules that bond at the nuclei surfaces forming in a 
precursor solution and aiding the formation of nanoparticles by bridging the 
nuclei at the interface and promoting growth of the nanoparticles. A recent 
example is the proteinaceous barnase-barstar interface method in which 
barnase-barstar bind to selectively functionalize particles[22aJ_ This method has 
been shown to work for magnetic nanoparticle systems, however external stimuli 
such as pH variation will have an effect on the binding sites promoting 
d isagg regation[22a1. 
1.3.1.2. Biology Assisted Sol/Gel Process 
Spinels can be synthesized by biology assisted sol/gel processes. In this 
method, stoichiometric portions of the precursors are introduced in a biological 
gel network, such as polysaccharidel22b1_ By combining gelling polymers and non-
gelling ones synergistic effects rise , resulting in interactions among different 
polymer chains thus forming mixed junction zones ideal for nanoparticle 
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formation in the presence of desired precursorsl22b1. The product obtained from 
this reaction yields a precursor that would still need to undergo calcination. 
1.3.2. Physical Methods 
1.3.2.1. Ball Milling 
In a ball milling process a mechanical device grinds solids into fine 
powders. Nanocrystalline ferrites have been successfully achieved via the ball 
milling process utilizing powder precursors and high temperature treatments 
(400 oc to 750 oq [21 bl_ Reported results show maximum magnetic saturation of 
-70 emu/g[21 bl , however size control has been difficult to achieve. 
1.3.2.2. Mechanical Processes of Powder Mixture 
The combination of mechanical processes have been demonstrated to be 
successful in the development of ferrite spinels as proven by the reported three 
stage process[21 d1. The first stage involves the reduction of the crystalline size 
and accumulation of defects, secondly, a nanoquasiamorphous state is formed, 
and lastly the final spinel phase is achieved. Nanoparticles are accomplished by 
solid-state temperature variation and annealing during the different stages. 
Results demonstrated formation of pure materials, however polydisperse and 
amorphous particles formed[21 dl_ 
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1.3.3. Chemical Methods 
1.3.3.1. Co-Precipitation 
Co-precipitation involves the simultaneous occurrence of nucleation and 
growth leading to coarsening processes. In general during co-precipitation 
processes insoluble species are formed under high supersaturation conditions , 
followed by nucleation in which a large number of small particles are formed 
leading to growth and secondary processes such as Ostwald ripening[241 affecting 
drastically the size and morphologies of the products achieved. Particle 
nucleation is separated from particle growth by diffusion of the solute to the NP 
surface from the solution until the desired size is achieved. This process can be 
monitored via SEM (scanning electron microscopy) and manipulated by control 
over the starting cation concentration and pH variation in the solution as well as 
removal of mechanical forces acting in the mixture such as stirring . Metallic NPs 
can be formed from aqueous solutions by reduction from nonaqueus solutions. 
For example magnetite nanoparticles can be obtained from Fe(II)/Fe(lll) 
precursors in the presence of a base[251 . After overcoming the coarsening 
process, further reaction could result in the agglomeration of the formed particles 
causing larger non-uniform particles. NP size can be kept within 2-15 nm[20cJ in 
diameter, although aggregation and high polydispersity are likely to be 
observed. [261 
10 
1.3.3.2. Microemulsions 
Two-phase methods are also broadly used for the preparation of 
ferritesl1dl_ Water/oil (W/0) microemulsions yield uniform, monodisperse 
nanoparticles by controlling the particle nucleation versus growth in solution. 
Nano-droplets of water are introduced and dispersed into an oil environment 
loaded with surfactants that arrange in the water/oil interphase to form cavities 
(-1 0 nm), thereby limiting the number of nucleation sites and avoiding 
aggregation. This process can achieve a wide range of nanoparticle sizes by 
altering the surfactant nature and concentration. Multiple surfactants can dictate 
the physical and chemical properties of the synthesized nanoparticles,l1d, 20b, 261 
however, the complexity of this method makes it difficult to scale up. 
1.3.3.3. Sol-Gel 
Sol-gel processes can also be utilized for the synthesis of ferrites such as 
in the development of iron oxide-silica aero gel composites. 1271 This result is 
achieved by hydroxylation and condensation of molecular precursors in solution 
yielding a dispersion of nanoparticles known as the "sol". Subsequently, the 
solvent is removed to obtain a "gel" in which a three dimensional network of 
metal oxides is formed. 1278' 281 While the synthesis is usually carried out in water; 
hydroxylation of the precursor can also be achieved with acid or base to produce 
different gel environments, polymeric for acid and colloidal for base 120b1. 
Nanoparticles synthesized by the sol-gel process form colloids and offer high 
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monodispersity as well as controlled particle dispersion and size distribution. 
However, contamination from the reaction's side products is often observed, e.g. 
residual polymer surfactant in the colloidal suspension, and post treatment or 
thermal decomposition of the nanomaterials is necessary for further 
polycondensation in order to obtain a crystalline state and enhance NP 
mechanical properties[29l. 
1.3.3.4. Gas/Aerosol 
Magnetic nanoparticles have been synthesized by spray pyrolysis by 
scattering a ferric salt and reducing agent scattering into a series of reactors. The 
solvent evaporates while the aerosol solute condenses, resulting in dried 
particles whose size is dependent on the concentration of the original solution, 
with sizes ranging from 5-60 nm having been reported[21 a, 301 . Monodisperse 
products with high magnetic susceptibilities can be achieved by precise control of 
the experimental conditions, however the instruments are expensive and 
contamination and gas phase, airborne particle impurities within the sample can 
also be observed[271 . 
1.3.3.5. Polyol Method 
The polyol method is more suitable for biomedical applications because of 
the ability to use biocompatible and biodegradable hydrogels during the 
process[2oa , 23• 31 1. It is based on the control of the precipitation kinetics using 
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polyols, such as polyethylene glycol, as solvent. Polyols not only dissolve the 
inorganic precursor, but also function as stabilizing and reducing agents[2oa, 231. 
This method demonstrates great control against aggregation and provides good 
particle growth during the synthesis. Furthermore, due to the high boiling points 
of polyols, the operating temperature can be manipulated in order to achieve 
dissolution of a number of inorganic precursors. 
1.3.3.6. Thermal Decomposition 
Crystalline iron oxide nanoparticles can be obtained by exposing 
organometallic precursors to high temperatures until their decomposition is 
achieved in the presence of stabilizers and in a medium with a high boiling 
point[1e, 20d, 25• 321. For example, iron oxide nanocrystals can be obtained by 
thermal decomposition of iron carboxylate salts utilizing oleic acid in a high 
temperature environment in order to generate iron carboxylate precursors[20eJ_ 
1.3.3. 7. Hydrothermal 
Hydrothermal reactions are often carried out in aqueous media (even 
though organic solvents are also utilized) in autoclaves that can provide a high-
pressure environment of up to 2000 psi and temperatures higher than 200°C 
under which conditions water can be hydrolyzed. The high temperature 
dehydrates the metal salt precursor, resulting in a metal oxide with low solubility 
in water. This environment is suitable for the supersaturation of the metal oxides 
and formation of nanoparticle dispersions[1b, 1e, 26· 331 . Parameter variation studies 
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have been conducted to determine the effect that changing reagent 
concentration, reaction time, and temperature have on the nanoparticle size 
distribution and morphology. Changes in the concentration and temperature 
affect the physical properties of these materials, however a greater property 
dependence on the reaction time has been observedi20b, 261. 
Further studies described in this thesis demonstrate a pH dependence on 
the spinel nanoparticle size distribution and dispersities134l. Control over the 
particles' size and morphology, as well as the convenient one step, one pot 
synthesis procedure have been previously demonstrated to be ideal for the 
synthesis of ferrite spinels. The hydrothemal procedure carried out by the 
Doerrer groupl341 has been effective at lower temperatures than previously 
reported in the literature11 bl and introduces an alternate surfactant to avoid 
nanoparticle aggregation and maintain stabilityl34l. This thesis discusses the 
magnetic characterization of nanoparticles resulting from the Doerrer group's 
hydrothermal approach. 
When choosing among the myriad synthetic processes available today for 
ferrite spinels such as: microemulsions1101, hydrothermal11bl, ball milling121 bl, 
sollgel127al, to name a few, it is crucial to understand how the final product 
properties are affected by the choice of method. The nanoparticles' physical and 
chemical properties such as coating surface functionalization and chemical 
stability can be affected drastically by the parameters of the reaction process. 
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Once a synthetic route has been chosen, the precursor addition and 
concentration as well as surfactants and stabilizers, pH changes, temperature 
and time variations, all need to be optimized. It is also important to understand 
the limitation of the processes encountered in the literature, as described above, 
in order to find the best fit for our purposes. Narrow size distribution, uniform 
morphologies, synthesis scale-up ability, air stability, and production cost are the 
major properties of most interest for this research. 
2.0. Experimental 
2.0.1. General Procedures 
All the reagents were obtained commercially and used as received, 
without further purification. The following characterization data has been 
collected by Fred Baddourl341 for the samples indicated: (i) elemental composition 
data by means of an energy dispersive X-ray spectrometer (EDX) attached on a 
JEOL JSM-61 00 scanning electron microscope (SEM), (ii) determination of 
particle size distribution by means of transmission electron microscope (TEM) 
recorded with a JEOL JEM-2010, and (iii)hydrodynamic radii by means of 
dynamic light scattering (DLS) measurements with a Brookhaven 90plus Nano-
particle Sizer. 
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2.1. Preparation Of Nanoparticles 
The following procedures have been adapted from method previously 
developed by the Doerrer groupl341. 
2.1.1. CoFe204•RA. Portions of Fe(N03)3•9H20 (0.641 mmol) and 
Co(N03)2•6H20 (0.320 mmol) were dissolved in 01 water (3.00 ml). 
Concentrated (v/v= 65.0 ml/L) NH40H was added dropwise to the solution with 
vigorous stirring until a pH of- 9 was reached . The reaction mixture was stirred 
for 2 h and then transferred to a teflon-lined steel autoclave cell charged with 
toluene (3.0 ml) and ricinoleic acid (RA) (1 .00 ml, 3.12 mmol). The autoclave 
was sealed and heated to 198 °C over 2 h. The temperature of 198 °C was then 
maintained for 10 h, after which the reaction mixture was allowed to cool to room 
temperature naturally. A dark brown dispersion of NPs in toluene was separated 
from a colorless aqueous layer by careful pipette extraction. The particles were 
precipitated from the organic layer of the reaction mixture via the addition of 
excess acetone. The resulting brown powder was magnetically separated with a 
hand-held neodymium magnet and the acetone was decanted . The particles 
were suspended and washed twice more with acetone before being redispersed 
in toluene for later use. The metal composition and hydrodynamic radii have 
been determined by Fred Baddourl341. The core was determined to be 7.1 ± 1.3 
nm by EDX and their hydrodynamic radii in toluene was determined to be 15.6 ± 
2.2 nm via DLSl341. 
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2.1.2. NiFe204•RA. Portions of Fe(N03)3•9Hz0 (0.641 mmol) and 
Ni(N03)z•6H20 (0.320 mmol) were dissolved in 01 water (3.00 ml). 
Concentrated (v/v= 65.0 mLIL) NH40H was added dropwise to the solution with 
vigorous stirring until a pH of approximately 9 was reached. The reaction mixture 
was stirred for 2 h and then transferred to a teflon-lined steel autoclave cell 
charged with toluene (3.0 ml) and ricinoleic acid (RA) (1.00 ml, 3.12 mmol). 
The autoclave was sealed and heated to 198 °C over 2 h. The temperature of 
198 °C was then maintained for 10 h, after which the reaction mixture was 
allowed to cool to room temperature naturally. A brown dispersion of NPs in the 
toluene was separated from a colorless aqueous layer by careful pipette 
extraction. The particles were precipitated from the organic layer of the reaction 
mixture via the addition of excess acetone. The resulting brown powder was 
magnetically separated with a hand-held neodymium magnet and the acetone 
was decanted. The particles were suspended and washed twice more with 
acetone before being redispersed in toluene for later use. The metal composition 
and hydrodynamic radii have been determined by Fred Baddour[34l. The core was 
determined to be 6.2 ± 1.2 nm by EOX and their hydrodynamic radii in toluene 
was determined to be 20.4 ± 2.5 nm via OLS[341. 
2.1.3. MnFe204•RA. Portions of Fe(N03)3•9Hz0 (0.641 mmol) and MnCiz 
-4 HzO ( 0.320 mmol) were dissolved in 01 water (3.00 ml). Concentrated (v/v= 
65.0 mLIL) NH40H was added dropwise to the solution with vigorous stirring until 
a pH of approximately 10 was reached . The reaction mixture was stirred for 2 h 
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and then transferred to a teflon-lined steel autoclave cell charged with toluene 
(3.0 ml) and ricinoleic acid (RA) (1 .00 ml, 3.12 mmol) . The autoclave was 
sealed and heated to 198 °C over 2 h. The temperature of 198 °C was then 
maintained for 10 h, after which the reaction mixture was allowed to cool to room 
temperature naturally. A brown dispersion of NPs in the toluene was separated 
from a colorless aqueous layer by careful pipette extraction. The particles were 
precipitated from the organic layer of the reaction mixture via the addition of 
excess acetone. The resulting brown powder was magnetically separated with a 
hand-held neodymium magnet and the acetone was decanted. The particles 
were suspended and washed multiple times with acetone before being 
redispersed in toluene for later use. The hydrodynamic radii in toluene was 
determined to be 41.39 ± 6.09 nm via DLS. 
2.1.4. ZnFe204•RA. Portions of Fe(N03)3•9H20 (0.641 mmol) and ZnCI2 
(0.320 mmol) were dissolved in Dl water (3.00 ml). Concentrated (v/v= 65.0 
mUL) NH40H was added dropwise to the solution with vigorous stirring until a pH 
of approximately 9 was reached. The reaction mixture was stirred for 2 h and 
then transferred to a Teflon-lined steel autoclave cell charged with toluene (3.0 
ml) and ricinoleic acid (RA) (1 .00 ml, 3.12 mmol). The autoclave was sealed 
and heated to 198 °C over 2 h. The temperature of 198 °C was then maintained 
for 12 h, after which the reaction mixture was allowed to cool to room 
temperature naturally. A dark brown dispersion of NPs in the toluene was 
separated from a colorless aqueous layer by careful pipette extraction. The 
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particles were precipitated from the organic layer of the reaction mixture via the 
addition of excess acetone. The resulting brown powder was magnetically 
separated with a hand-held neodymium magnet; left to settle then the acetone 
was decanted. This part of the procedure was repeated three more times due to 
weak magnetic response. The particles were suspended and washed multiple 
times with acetone before being redispersed in toluene for later use. The metal 
composition and hydrodynamic radii of the sample studied via VSM were not 
determined, however similar samples synthesized and characterized by Fred 
Baddour were determined to have a metal core of 6.7 ± 0.9 nm by EDX and 
hydrodynamic radii in toluene of 16.1 ± 2.0 nm via DLSl341 . 
2.2. Preliminary Results 
The Doerrer group's resulting nanoparticles have precise compositions, 
narrow size dispersities, and thermal stabilityl341 . Time and temperature 
dependent studies done by Fred baddour l341 indicate that control over NP size is 
possible and, depending on the desired size, syntheses in only 2 h are 
neededl341. Currently, the hydrothermal synthesis yields about 100 mg per batch, 
but scale up by a factor of ten should be feasible. 
Initial syntheses demonstrated good magnetic response from the Co and 
Ni nanoparticles as well as high monodispersity as shown in Figure 1.1. for a 
CoFe20 4-RA sample, and were optimized by a series of time and pH 
variationsl341. The metallic composition was found to be 1:2 M11 :Fe, as determined 
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via EDX spectroscopyl341. The particle core diameters were determined with 
TEM, and the hydrodynamic radi i determined via DLS. The TEM micrographs 
demonstrated the morphology of the MFe204 particles, with core size 
distributions averaging 6.2 to 7.5 nm and hydrodynamic radii between 8.9-
19nm[34l. Further optimization of the MnFe20 4 and ZnFe20 4 NPs syntheses was 
required at this stage before moving forward with the VSM studies. Init ial results 
demonstrated poor magnetic response and dispersion as well as low stability 
over time as shown in Figure 1.2. for a ZnFe204-RA sample. 
Figure 1.1. Dispersity and magnetic response of CoFe204-RA sample after 6 
months 
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Figure 1.2. Low dispersity and magnetic response of ZnFe204-RA in toluene 
after 3 months 
2.3. Synthesis Optimization- MnFe204-RA and ZnFe204-RA NPs 
Additional studies were conducted varying the pH used to prepare the sol-
gel mixture and reaction time (shown in Table 1.1. and Table 1.2. respectively) to 
optimize the dispersion and magnetic susceptibility of the MnFe20 4-RA and 
ZnFe204-RA NPs. 
21 
Table 1.1. pH Dependence Analysis of MnFe204-RA and ZnFe204-RA 
Syntheses 
Temp Duration 
Compound pH Observations 
(oC) (h) 
198 10 9 
Poor quality, low magnetic response , 
solubility and stability over time 
MnFe204-RA 198 10 10 
Best Batch, good magnetic response 
and solubility 
198 16 9 
Poor quality, low magnetic response, 
solubility and stability over time 
Poor quality, low magnetic response, 
198 16 10 
solubility and stability over time 
198 10 9 
Poor quality, low magnetic response, 
solubility and stability over time 
Poor quality, low magnetic response, 
ZnFe204-RA 198 10 10 
solubility and stability over time 
198 12 8 
Need modification, some magnetic 
response, poor dispersion 
198 12 10 
Need modification, some magnetic 
response, poor dispersion 
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Table 1.2. Time Dependence Analysis of MnFe204-RA and ZnFe204-RA 
syntheses 
Temp Duration 
Compound pH Observations 
CC) (h) 
198 5 10 
Poor quality, low magnetic response, 
solubility and stabil ity over time 
Best Batch, good magnetic response and 
MnFe204-RA 198 10 10 
solubility 
198 12 10 
Need modification , some magnetic 
response, some solubility issues 
Poor quality, low magnetic response, 
198 16 10 
solubility and stability over time 
Poor quality, low magnetic response, 
198 5 10 
solubility and stability over time 
Poor quality, low magnetic response, 
ZnFe204-RA 198 10 10 
solubility and stability over time 
198 12 10 
Need modification, some magnetic 
response, poor dispersion 
Poor quality, low magnetic response, 
198 16 10 
solubility and stability over time 
Based on observations above, MnFe204-RA samples synthesized at pH 
10 and maintained temperature of 198 oc for 10 h, resulted in magnetically 
responsive, stable dispersions in toluene fit for magnetic susceptibility studies. 
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The ZnFe204-RA synthesis, however proved more challenging. The best results 
were obtained at pH 8 and pH 10 when maintained at a temperature of 198 oc 
for 12 h from which some magnetic response was observed with low dispersity in 
toluene. Magnetic susceptibility studies were conducted for ZnFe204-RA samples 
synthesized at approximately pH 8, pH 9 and pH 10 for a close comparison of the 
magnetic susceptibility of this species. 
2.4. Nanoparticle Characterization 
The TGA curves of the samples were obtained from a Perkin Elmer TGA 
(Thermogravimetric analyser) located in the Ceramic Processing Research 
Laboratory (CPRL) at MIT. The 50 IJL samples were placed in a Pt pan and 
measured at a heating rate of 10 °C/min. 
2.4.1. Sample Preparation for TGA: 
Toluene was utilized as solvent for the dispersion of the samples, while 
keeping accurate records of the volumes and concentration for further use. A 100 
IJL aliquot of the sample was pipetted onto a platinum-weighting pan making sure 
the mixture was well dispersed. 
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2.4.2. TGA General Procedures: 
The instrument balance was tared by weighing the empty pan prior to 
taking any measurements. Subsequently the pan was loaded with the sample 
aided by a load tray cell. Making sure to position the load tray cell directly below 
the pan, the tray was raised slowly until the tray supported the weight of the pan. 
Once the sample pan was securely in place, a mobile furnace was raised 
covering the pan and stem completely. To avoid inconsistency in the 
measurements the furnace chamber was purged with nitrogen gas. The 
temperature program was then set to the desired rate (1 0 °C/min) and maximum 
temperature of 800 °C. Once the settings were satisfactory, a thermogram was 
generated indicating the weight lost as demonstrated in Figure 3. 
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Figure 1.3. TGA thermogram of CoFe204-RA in % mass versus temperature 
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2.4.3. Sample Calculations: 
The thermogram indicates the solvent and coating masses lost and the 
stabilized final mass. The mass lost is calculated by subtracting the final from 
the initial. 
TGA data in terms of mass(%): 
Mass%= Initial - Final 
% = 100-71.63 = 28.47% (as shown in Figure 1) 
TGA data in terms of Weight (mg): 
Weight% =Initial (mg)- Final (mg) x100 
Obtaining sample weight: 
The TGA data provides the unsubtracted weight of the sample measured 
for the completed run. 
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Figure 1.4. TGA thermogram of CoFe204-RA in terms of absolute mass (mg) vs. 
For the sample in Figures 1.3. and 1.4. the weight of the CoFe20 4 core 
was 4.82 mg in 1 00 1-JL of solution. 
2.4.4. Vibrating Sample Magnetometer 
The Vibrating Sample Magnetometer (VSM) data were collected on a 
Lakeshore vibrating sample magnetometer located at the Dana Research 
Center, in Professor Nian Sun's group at Northeastern University. Measurements 
were carried out at room temperature at 2.0 seconds per data point with 200 
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points per sample. A 10 j.JL portion of the sample was drop-cast onto a 0.5 cm2 
glass or silica substrate and solvent left to evaporate at room temperature. This 
process was repeated until a uniform thin film of the sample was obtained. The 
sample was then mounted onto the sample tube and subsequently inserted into 
the sample chamber suspended between two electromagnets. The sample was 
exposed to a uniform magnetic field and was then vibrated sinusoidally. All 
materials studied exhibited a hysteresis curve in the plot of magnetization 
(emu=electromagnetic unit) (Y axis) versus increasing magnetic field (G=Gauss) 
(X axis). 
2.4.5. Vibrating Sample Magnetometer (VSM) Calculations: 
Calculations for converting electromagnetic unit (emu) to emu/g using the 
mass obtained from the TGA thermogram for a CoFe204-RA sample. 
Fixing mass/volume ratio: 
For the VSM the volume utilized for the run was10 j.JL of solution, in order 
to find the weight of CoFe204 in 10 j.JL, a ratio comparison is established: 
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100 ~L = 4.82 mg 
10 ~L=X 
X = 1 O~L x 4.82mg = 0.4S2m lOO~L g 
Now the value in milligrams (mg) can be converted into grams (g): 
lg = lOOOmg 
X= 0.482mg 
X = lg x 0.4S2mg = 0.000482g 
lOOOmg 
Finally this value can be used to convert the electromagnetic units (emu) 
into (emu/g): 
0.002446emu 5 08 1 -----= . emu g 
0.000482g 
The results are then plotted to obtain the VSM graph as demonstrated in 
Figure 1.5. below. 
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Figure 1.5. VSM hysteresis curve of CoFe20 4-RA 
3.0. Results and Discussion 
15000 
The magnetic saturation values of CoFez04-RA, NiFez04-RA, MnFe20 4-
RA and ZnFez04-RA have been quantitatively determined via VSM studies up to 
a maximum magnetic field of 1000 G and their NP metal core composition was 
determined via TGA. 
3.1.1. Cobalt Ferrite, CoFe204-RA Figure 1.4. shows the TGA curve for 
CoFe20 4-RA dispersed in toluene. The decomposition consists of three distinct 
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regions of 1 00-150°C, 150- 425°C and 425-783°C. The first weight loss region 
from 1 00-150°C is indicative of the loss of toluene (b.p. = 11 ooc). The second 
weight loss region of 150- 425°C is attributed to the loss of the carboxylate 
coating resulting from the ricinoleic acid (b.p. = 416°C). In the third region at 425-
600°C only the spinel phase remains (4.85 mg). Furthermore, after 600°C no 
further weight loss is seen up to 800°C 
3.1.2. Nickel Ferrite, NiFez04-RA Figure 1.6. shows the TGA curve for 
NiFe20 4-RA dispersed in toluene. The decomposition followed the same general 
form as the Co-spinel and yielded 5.68mg, though temperatures above 550°C 
were not tested. 
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Figure 1.6. TGA thermogram of NiFez04-RA 
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3.1.3. Manganese Ferrite, MnFe204-RA Figure 1.7. shows the TGA curve 
for MnFe204-RA dispersed in toluene. The decomposition followed the same 
general form as the Co-spinel and yielded 0.66 mg. 
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Figure 1.7 .. TGA thermogram of MnFe204-RA 
3.2.1. Cobalt Ferrite, CoFe204-RA Figure 1.5. plots the magnetization 
versus field for a sample with hydrodynamic radii of 22.4 ± 0.34 nm and metallic 
concentration of 4.85 mg. The magnetic saturation has been determined to be 
5.06 emu/g based on the calculation method described above (Table 3). The 
NPs demonstrated affinity for a Nd magnet during the sample preparation, 
however the low magnetic saturation obtained suggests the presence of a cobalt 
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oxide phase, which is antiferromagnetic at room temperaturer3l, this phase can be 
a product of sample preparation during desolvation of the NPs and can be 
identify by XRD (X-ray diffraction)r351 . In addition, previous cobalt ferrites studies 
have demonstrated a correlation between the nanoparticles size and magnetic 
saturationr2aJ since larger metallic cores result in higher magnetic susceptibility, 
indicating that the small size of the nanoparticles studied could have an affect on 
the results. 
3.2.2. Nickel Ferrite, NiFe204-RA Figure 1.8. is analogous to Figure 1.5. 
The magnetic saturation (Ms, Table 3) has been determined to be 55.9 emu/g 
with hydrodynamic radii of 25.0 ± 0.23 nm and metal mass of 5.68 mg The NPs 
exhibit a magnetic saturation similar to that of its bulk counterpart -50 emu/gr36l 
and other NP data r1a1. The difference in magnetic susceptibly compared to that of 
magnetite can be attributed to the substitution of cl' Ni(ll) in the octahedral sites 
for Fe(ll). 
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Figure 1.8. VSM hysteresis curve of NiFe204-RA 
3.2.3. Manganese Ferrite, MnFe204-RA Figure 1.9. is analogous to 
Figure 1.5. The magnetic saturation (Ms Table 3) has been determined to be 48.8 
emu/g for a sample with hydrodynamic radii of 41.39 ± 6.09 nm and metal mass 
of 0.66 mg. The NPs exhibit a magnetic saturation comparable to literature 
examples ranging between 20-50 emu/gt1c-eJ_ 
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As shown in Figure 1.1 0. a substantial difference in the magnetic 
saturation values of the NP cores was observed for three different samples. The 
magnetic properties of the Ni and Mn ferrites have demonstrated similar 
magnetic behavior to that of NPs developed with the capping agent oleic acid for 
the same spinel species (Table 1.3.). This similarity has not been the case for the 
Co samples for reasons not yet understood. 
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Table 1.3. VSM and DLS data 
MFe204-RA Ms (emu/g) Size by DLS (nm) Ms Literature (emu/g) 
CoFe204-RA 5.03 22.4 ± 0.34 -6-90[1 b, 2] 
NiFe204-RA 55.9 25.0 ± 0.23 _50-60[36) [1 a) [1 b) 
MnFe204-RA 48.8 41.39 ± 6.09 -20-50[1b-e) 
3.3. TG Analysis of ZnFe204-RA 
3.3.1. Zinc Ferrite, ZnFe204-RA Figure 1.11. shows the TGA curve for 
ZnFe204-RA dispersed in toluene. The decomposition followed the same general 
form as the Co-spinel and yielded 0.37 mg. 
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Figure 1.11. TGA thermogram of ZnFe204-RA 
3.4. VSM Analysis of ZnFe204-RA at Different pH Values 
3.4.1. Zinc Ferrite, ZnFe204-RA Figure 1.12. is analogous to Figure 1.5. 
The magnetic saturation (Ms) has been determined to be 4.3 emu/g for a sample 
developed at- pH 9 and metal core mass of 0.37 mg. 
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..... 9, 10 h 
3.4.2. Zinc Ferrite, ZnFe204-RA Figure 1.13 is analogous to Figure 1.5 .. 
The magnetic saturations (Ms) were determined to be 13.48 and 17.7 emu/g for 
samples developed at - pH 10 and pH 8 respectively and metal core mass of 
0.37 mg. 
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3.4.3. Comparison of ZnFe204-RA Ms as a Result of pH Variation 
Figure 1.12 shows the magnetic properties of ZnFe204-RA for the 
synthesis carried out at a pH of 9 and during a reaction time of 10 h. Further 
studies varying these synthesis conditions were also investigated by VSM as 
demonstrated in Figure 1.13. The nanoparticle suspension was determined to 
have better stability at longer reaction duration as well as higher magnetic 
susceptibility. Variation of pH also had an effect on the magnetic saturation as 
seen in Figure 1.13. At pH - 8, the ZnFe204-RA sample had a higher magnetic 
saturation than at pH - 10 (17.7 and 13.48 emu/g respectively), however the 
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sample prepared at pH - 9 anomalously demonstrated the lowest Ms (4.3 
emu/g). 
4.0. Conclusions 
The vibrating magnetic susceptibilities of a series of ricinoleic acid coated 
non-magnetite spinels with the form MFe204 (M= Co, Ni, Mn, Zn) have been 
studied. Two main results have been discussed: (1) Results indicate similarities 
between the magnetic saturation susceptibility (Ms) values obtained for Ni and 
Mn samples (55.9 emu/g and 48.8 emu/g, respectively) , and published values for 
oleic acid , and other surfactant, coated species (-50 emu/g and -20-50 emu/g 
respectively). Co samples demonstrated a low Ms of 5.06 emu/g in comparison 
to published results (-6-90 emu/g[1b, 21) that can be attributed to small core size 
and/or presence of other species, such as cobalt oxide, during measurements. 
(2) The Zn samples demonstrated dispersion difficulties and low magnetic 
susceptibility leading to a series of pH dependent studies resulting in a maximum 
Ms of 17.7 emu/gat pH- 8. 
As stated previously in this chapter, in sections 1.3 and 2.2 , variation of 
temperature, reaction duration, pH, surfactant concentration , precursor ratios, 
can influence the final size, stability and magnetic properties of the nanoparticles 
synthesized. The study discussed explored pH range variation and duration of 
reaction followed by magnetic susceptibly characterization . However further 
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studies could include magnetic susceptibilities of samples prepared with a wider 
range of pH , reaction duration, precursors ratio and temperature variation to get 
an in depth understanding of how these conditions, along with close size 
monitoring, affect magnetic properties of the ferrite spinels. 
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Chapter II. Microfabrication of a Four Point Device for Nanowire Electronic 
Conductivity Measurement 
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1.0. Introduction-Motivation 
The development of one-dimensional (1 D) nanowires has attracted 
interest due to their possible integration into various electronic devices. The 
Doerrer group is investigating the preparation of electrically conductive, one-
dimensional, one atom wide nanowires employing a bottom-up approach. The 
goal is to use small molecule synthesis to attain an infinite chain of metal atoms 
protected by carefully chosen ligands. In this vision , electron transfer occurs 
through the atomic chain and the stabilizing ligands are an insulating layer. This 
ambitious concept has not yet been achieved; however, its accomplishment 
could provide an alternative approach to complementary metal-oxide-
semiconductor (CMOS) microelectronic technology. 
The inspiration for this research comes from the constantly decreasing 
size of electronic devices. Moore's Law describes this phenomenon as a linear 
relationship between decreasing transistor size (and the number of transistors 
per chip) and development time.137l Our society is saturated with electronic 
devices containing silicon-based chips with a minimum size ultimately limited by 
the size of silicon atoms. A closer look into any modern device would reveal that 
the wire is the most common and basic component utilized for every function. 
Electronic devices depend on efficient current flow, making it all the more 
important to develop improved wires. 
Early examples of linearly arrayed structures with metal-metal contacts 
can be traced back to Magnus' Green Salt (MGS) in the 191h century. MGS, or 
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tetraammineplatinum(ll) tetrachloroplatinate(ll) [Pt(NH3)4][PtCI4] is composed of 
alternating cations and anions that contain Pt(ll). 1381 Although this structure 
demonstrates the potential arrangement of the chain of atoms, it is an extremely 
insoluble semiconductor, making it difficult to process with solution-based 
techniques.1391 Other researchers have explored linearly arrayed compounds, 
such as the Ritter group's synthesis of one-dimensional palladium wires at 
Harvard University. 1401 However, the development of a 1 D nanomaterial that is 
stable under ambient conditions, as well as having excellent electronic 
conduction properties, has yet to be realized. 
In order to control the formation of these infinite structures, one must 
prevent aggregation. A group of metal atoms in a linear array would not be stable 
thermodynamically relative to a cluster as illustrated in structure 2 in Scheme 2.1. 
However, the incorporation of moieties bonded orthogonally to the metal centers, 
3, could prevent aggregation and provide stability as well as the incorporation of 
alternating metal ligands with opposite charges by electrostatic forces as seen in 
structure 4 Scheme 2.1. These interactions with ligands stabilize each metal 
center and facilitate assembly of aligned structures. 
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1 2 
3 4 
Scheme 2.1. 1) Linear array of atoms 2) Cluster of atoms 3) Stabilized 
structure with orthogonal bonding to ligands 4) Stabilization by electrostatics1411 
With this understanding, a family of lantern structures has been developed 
by selecting a ligand system with two different donor atoms, one soft L donor (S) 
and one hard X donor (0), which favors distinct metal binding by exploiting the 
difference in binding affinities of M:Pt and M':3d metals for hard and soft bases. 
The success of this approach lies in the coordination environment control by 
selecting a four coordinate, square-planar ligand system that also favors metal-
metal interactions. Considering the proposed parameters, thiocarboxylate ligands 
were ideal for the development of our desired structure.142l A lantern structure 
with two different divalent ions was attained with the following coordination 
environments: [MS4] and [M'04] (as seen in Scheme 2.2.). 
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Scheme 2.2. Illustration of lantern unit demonstrating the L (S), X (0) donors and 
their binding affinityl41 l 
These heterobimetallic lanterns are obtained via one-pot syntheses in 
water and can be recrystallized from organic solvents. The Doerrer group has 
prepared a series of lanterns of the form [PtM(tba)4(0H2)] (M' = Fe[431 , Co[431 , 
Ni[431 , Zn[34l) (tba= thiobenzoate). X-ray diffraction studies of the cobalt and nickel 
compounds revealed a Pt""Pt distance of 3.0650(3) A and 2.570(1) A 
respectively[431 , demonstrating the formation of short MPt"PtM sequence by 
dimeric metallophilic interactions. [441 
The execution of the Doerrer group's hard/soft approach with 
thiocarboxylates to prepare heterobimetallic compounds has opened the path to 
the next synthetic stages of this project. Moving forward, it is crucial to extend 
the chains of lanterns while fomenting electrical conductivity. In order to 
accomplish this design, a rr-acceptor bridging ligand has been introduced. For 
example, pyrazine has been shown to bridge metal centers such as Pd[451 and 
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Rh1461, without disturbing the lantern structures.1461 Unpublished work1471 has 
already resulted in the structurally characterized compounds bridged by pyrazine 
[PtM(tba)4(NC4H4N)]co (M= Co, Ni, and Zn) . These structures consist of an infinite 
array of lantern complexes linked by pyrazine units as shown in Figure 2.1. This 
series of bridged structures has been chosen for the study of their electronic 
conductivity in the solid state as well the study of the Zn derivative as control due 
to diamagnetic nature of Zn. 
Figure 2.1. Structure of [MM'(tba)4(pyz)] 
This chapter describes the design and development of a substrate for 
four-point probe electronic conductivity measurements with sub-micrometer scale 
Au wires utilizing microfabrication techniques for the characterization of the 
aforementioned pyrazine-bridged structures. The design shown in Figure 2.2 
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allows the user to deposit a sample on the micrometer scale Au contacts without 
the need for submicron probes, and is proposed to facilitate data collection while 
working with structures of diminutive dimensions. The bottom features in Figure 
2.2. illustrates the Au wire dimensions, carefully designed to align with the 
instrument tips providing a constant separation (S) required for accurate 
resistivity calculations. 
Sub-micron probe 
extensions for 
small scale 
measurements 
Probe extensions 
for alignment with 
instrument 
[ 
> Instrument's ~ 
electrode tip 
radius 
~Inter probe 
spacing (S) 
Figure 2.2. Proposed design for micro-fabricated Au electrodes for four-point 
measurement 
2.0. Band Theory 
Band theory allows us to understand what degree of electrical conductivity 
can be achieved according the energy differences between the valence and 
conduction bands in the solid of interest. Scheme 2.3. illustrates the band 
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structure of three classes of solids: insulators, metals and semiconductors. In an 
insulator, a substantial energy gap is present between the occupied valence 
band and the unoccupied conduction band. For conducting materials, such as 
metals, overlapping valence and conduction bands are present, and permit facile 
electron transport. A semiconductor can act either as an insulator or a conductor 
depending on the temperature of the solid. An energy gap exists between the 
valence and conduction bands, however it is small enough that it can be 
overcome by thermal excitation of the electrons. The conductivity can be further 
manipulated by chemical doping in the lattice to reduce the effective band gap. 
Conduction 
band 
EF ----- ------------------------------------------·-··············-----------I 00000 E, I 0 0 0 0 01 
Vaience 
band 
I I I I I I 
Semiconductor 
Metal 
Insulator 
Scheme 2.3. Illustrations of band gaps for different materials 
E -0 9 
To determine the electronic properties of a material , it is important to 
understand the relationship of the Fermi level to the conduction band. The Fermi 
level can be described as the energy of the highest occupied electron level in the 
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solid at absolute zero[481 . In metals, the Fermi energy provides information 
regarding the velocities of the electrons participating in conduction since only 
electrons close to the Fermi energy can contribute[481. 
Conduction 
band 
Valence 
band 
f(E) 
Fermi Level 
Scheme 2.4. Illustration of the Fermi level for the electrical conductivity of a 
semiconductor as a function of temperature 
If we consider a semiconductor solid , the idea of a band gap between the 
Fermi level and the conduction band is simple to picture. With increasing 
temperature, the number of electrons able to bridge the energy gap increases (as 
illustrated in Scheme 2.4) resulting in an increased electrical conductivity. The 
electron population in this case depends on the Fermi function (the probability 
that a particular electron energy state will be occupied at a specific temperature), 
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and the density of electronic states (the number of electron states per unit 
energy). At room temperature the density of states and the Fermi function have 
finite values in the conduction band , resulting in a finite conducting electron 
popu lationl481 . 
With the successful development of a four-point probe device, specifically 
designed to accommodate submillimeter samples, characterizing the Doerrer 
group one-dimensional nanowires is feasible. Measuring the conductance 
values will allow us to calculate the band gap for these compounds. 
Understanding the relationship of the band gap in a particular material and its 
temperature-dependent behavior and/or the presence of impurities allows 
researchers to optimize the synthesis and electronic conductivity. 
3.0. Current Methods for Measuring Electronic Conductivity 
In order to quantify the electronic properties of the 1 D nanowires, 
conductivity measurements must be carried out. Measurements with two-point 
probes and four-point probes can be completed with the aid of a suitable 
substrate with custom designed probes and patterns that provide accuracy on 
small scales and the ability to assemble the materials into thin films for solid state 
measurements. Four-point probe measurements differ from two-point probe ones 
in that the former use different pairs of electrodes for current carrying and voltage 
sensing resulting in more accurate measurements. The small dimensions of the 
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materials being considered for these studies require the accuracy provided by 
four-point measurements, however a supportive substrate that allows control and 
precision over the deposition of the materials is still necessary. 
Current methods include the functionalization of the substrate and micro-
or nanocrystal surfaces with ligands that allow for interactions between the 
two1491. This functionalization can be accomplished by manipulating the photo-
properties1501 1511 of the ligands to create patterns of the material to be studied. 
Another method is to manipulate the substrate surface hydrophobicity in 
comparison to that of the desired material 1521. By controlling the deposition of the 
th in film , the area to be measured is smaller, defects in the film are minimized, 
film evenness increases, fewer cracks form, and contact with probes is more 
likely. 
Other techniques rely on physical concepts instead of the surface 
chemistry of the materials and are more suitable for studying the intrinsic 
electrical properties of micro- or nanocrystals. The use of etchants to create 
micro scale trenches is often utilized since control over the trench dimensions 
and the capillary forces acting on the crystals makes it an ideal method for 
precise placement of the material1531. A series of printing1541 1551 and stamping 
techniques have also been extensively explored for the development of nano-
and micro-patterned substrates and thin film measurements, however further 
functionalization and surface chemistry modification must be done to assure 
adhesion and compatibilityl54l. For precise conductivity measurements on the 
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nanometer scale, electron beam lithography and lift off processes1561 have been 
demonstrated to work best. Results show position precision and dimensions -30 
nm and measurement accuracy 180 times higher than drop casting 
techniques1561. Therefore this method could be useful for our purposes, however 
the pattern must be customized for each material to be measured, which makes 
it cumbersome for screening a wide series of 1 D nanowires. 
There are examples of reusable four-point probe devices for a variety of 
micro crystals in which Au wires are incorporated into a substrate1401 with fixed 
dimensions according to the design of the four point probe tips. Our approach is 
to use micro-fabrication techniques to develop a customized mask with micro 
probe extensions for accuracy and control of material deposition and ease of 
data collection. 
4.0. Four-Point Probe Theory 
A four-point probe apparatus allows us to determine bulk resistivity (and 
hence conductivity) of a material in which the mobility of the carriers is dependent 
on the impurities present in the lattice, the crystals defect density, and the 
temperature at which the measurements are carried outl571. The instrument 
consists of four colinear tungsten wire probes that are then positioned on the 
sample surface until contact is achieved as demonstrated in Figure 2.3. Figure 
2.4. shows the instrument aligned on developed four point probe device. The four 
53 
th in probes allow current to flow between the two outer probes while the voltage 
is measured between the two inner probes with equal inter-probe spacing 
(S=S1=S2=Sd581 (as shown in Figure 2.1. and Figure 2.4.). The resistivity of a 
semi-infinite volume is given by p=(2)(rr)(S)(V/I) in which rho represents the 
resistivity (ohms.cm), S the inter-probe spacing (em), V the voltage (volt) and I 
the current (ampere)l581 . The separation of the current carrying and voltage 
sensing electrodes eliminates the impedance contribution of the electrical leads 
and contact resistance resulting in increased measurement accuracy. 
During the measurements, the current carrying electrodes generate a 
voltage drop (resistance) across the impedance that is measured by Ohm's Law 
V=RI, in which V is the voltage (volts), R is the resistivity (ohms) and I the current 
(ampere) 1581. Subsequently, slight current goes through the sense electrodes and 
the voltage drop is extremely small. 
Figure 2.3. Four-point Probe system 
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s s s 
Figure 2.4. Four point probe device aligned to instrument with single inter-probe 
spacing (S) 
5.0. Microfabrication Techniques 
Micromachining 
The exciting field of nanotechnology cannot be characterized or 
understood without the aid of micro scale measuring structures to bridge the gap 
to the macroscopic domain. Micromachining techniques allow us to develop the 
structures necessary to make that jump. Today, a wide variety of micromachining 
processes are utilized in industrial applications. For example, accelerometers 
small enough to be incorporated into portable technologies (phones, video 
games) for position detection by identifying the acceleration experienced by 
change in directional weight applied on the device are developed by 
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micromachining techniques using MEMS (Microelectromechanical systems)l591 
technology. Resistorsl601 and actuatorsl61 1 are other examples. The top-down 
approach to micromachining processes in which bulk materials are shaped into 
microstructures allows flexibility and creativity in design development of the 
aforementioned structures. There are two distinguishable routes to 
micromachining: (i) bulk micromachining, in which materials are removed or 
etched from the bulk to achieve a 3-dimensional shape, and (ii) surface 
micromachining, in which the desired features are built upon the surface of a 
chosen substrate. 
5.1. Surface micromachining 
Unlike bulk micromachining, which relies heavily on etching techniques to 
define the structure, surface micromachining utilizes deposition techniques to 
define the structures and wet etching to release deposited materials from the 
substrate by undercutting. A general surface micromachining process consists of 
deposition of a patterned sacrificial layer onto the substrate followed by a 
structural layer. Subsequently, the structural layer is released by selective 
etching. Some of the advantages of this approach include freedom in design 
development and the ability to work with thin films, which is ideal for our 
measurement purposes. 
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5.2. Photolithography 
Lithography is a common process to pattern and define features on a 
substrate by spin-coating thin films of a photosensitive polymer layer on the 
substrate. Generally the coating is baked at -1 oooc to harden the resist and 
remove residual solvents. An optical mask with the desired pattern featuring clear 
and opaque regions then selectively transmits and blocks UV light, resulting in 
the exposure of the unprotected photoresist areas (clear areas) of the mask, as 
depicted in Scheme 2.5. Exposure to UV light changes the chemistry of the 
photoresist, depending on the type of resist utilized , the result will be lower or 
higher solubility of the exposed areas, termed positive and negative photoresist. 
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1- UV light passes 
through Optical 
Mask 
2-Deposited 
photoresist gets 
exposed 
3- Photoresist is 
developed 
UV exposure 
l ! ! ! 1 
l 1 1 
Soluble exposed regions 
Photoresist pattern after development 
D Optical mask, glass 
II Opaque patterns on optical mask 
l':> :.j Photoresist, soluble region 
II Photoresist, Insoluble region 
D Substrate 
Scheme 2.5. Lithography process by steps: 1) Optical Mask and UV exposure 2) 
exposure of photoresist coated substrate and pattern transfer 3) photoresist 
development 
5.2.1. Positive Photoresist 
The regions exposed to UV light become cross-linked and, as a result, are 
insoluble in the developer solution as demonstrated in Scheme 2.6. Diazo 
photoactive compounds such as diazoquinone[62l, are often utilized in these 
positive photoresist systems such as 81818, where N2 is weakly bonded and can 
be freed from the carbon ring upon UV exposure[62l. 
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1- UV light passes 
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3- Photoresist is 
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D Optical mask, glass 
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Photoresist, Insoluble region 
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Scheme 2.6. Photoresist pattern resulting from positive photoresist 
5.2.2. Negative Photoresist 
The regions exposed to UV light have their bonds broken and, as a result, are 
soluble in the developer solution as demonstrated in Scheme 2.7. A common 
example would be SU-8, an epoxy-based photoresist with an ability to spread a 
coating with a thickness between 1-300 1JL[631 . During exposure to UV-Iight (365 
nm) the long molecular chains of the epoxy cross link resulting in a stronger 
material.l631 
1- UV light passes 
through Optical Mask 
2-Deposited negative 
photoresist gets 
exposed 
3- Photoresist is 
developed 
D Optical mask, glass 
II Opaque patterns on optical mask 
U Photoresist, soluble region 
Photoresist, Insoluble region 
D Substrate 
Scheme 2.7. Photoresist pattern resulting from use of negative photoresist 
59 
6.0. General Procedures 
The instruments utilized in this thesis are located in the Class 1 00 
cleanroom (photolithography room) at the Boston University Photonics Center. 
Photoresist films were developed by use of a Headway Research photoresist 
spinner with a programmable controller as well as a flat top wet bench used for 
soft bakes, developing, and photoresist stripping/wafer cleaning. The optical 
mask pattern was produced by use of a DWL66 mask writer followed by 
development. The mask pattern was transferred onto the substrate by UV 
exposure with the Suss Microtech MJB3 and MA6 aligner. The chromium and 
gold layers were thermally evaporated by use of an Edwards Auto 306 Turbo 
thermal evaporator. The conductivity measurements were conducted by use of 
Cascade Microtech CPS-05 four-point Probe, which can test a variety of sample 
types, shapes and resistances, by adjustable control over tip pressure, choice of 
tip material , radii, and spacing. For our measurements a tungsten tip with a 
0.0018 em radius and 0.127 em spacing (S) was utilized. 
6.1. Materials 
All solvents, reagents and materials were used as received from 
commercial sources unless stated otherwise. TTF-TCNQ (tetrathiafulvalene 
tetracyanoquinodimethane)r641 was synthesized and provided by Fred Baddour 
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from the Doerrer Lab, Boston University. Substrates utilized for all measurements 
consisted of fused silica 100 nm in diameter, 500 nm thickness, and polished on 
both sides. A Kurt J. Lesker chrome-plated tungsten rod and 1 mm diameter gold 
wire were used for deposition of the thermally evaporated wires. 
The optical mask substrate consisted of a 6x6 inch soda lime (SL) glass 
from Nanofilm coated with a low reflective chrome layer and a 1 0,000±1 00 A 
thick Az1518 positive photoresist. For the sacrificial layer, a positive Microposit 
S 1818 electronic grade photoresist was utilized and the common developer 
uti lized throughout the micro-fabrication process was Microposit MF319. 
7.0. Experimental 
7.1. CAD 
The overall design , shown in Figure 5, was developed with AutoCad 2013 
software and consisted of four adjacent columns 250 ~m thick with 1270 ~m 
spacing. The spacing decreased after a length of 6500 ~m to a thickness of 1.0 
~m and a column spacing of 5.0 ~m with a total length of 10500 ~m (Figure 2.5.). 
The file containing the design was saved as a .dxf file and transferred to the 
mask writer to proceed. 
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~51Jm 
10.5 mm 
6.5mm 
2501)m~ ~12701Jm 
Figure 2.5. Mask design with micro features dimensions 
7 .2. Optical Mask 
The glass substrate coated with a thin layer of positive photoresist 
(Az1518) was exposed to UV light under the mask writer, increasing the solubility 
of the exposed areas as shown in Scheme 2.5. step 1. Subsequently, the mask 
was submerged in -500 ml of developer solution (MF 319) for 1 minute 
dissolving the exposed photoresist and immersed in running water for 30 
seconds to wash off the residue. Once cleaned and dried , the mask is ready for 
further use. 
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7.3. Chromium Etch 
A chromium layer also protects the glass substrate that, after UV exposure 
and resist development, is also etched. It is necessary to develop the clear 
regions of the chromium layer to obtain a high contrast and better transparency. 
This effect was achieved by submerging the mask into -100 ml of chromium 
etchant, which consists of an aqueous solution of ammonium nitrate and nitric 
acid, for 1 minute and then in running water for -30 seconds to wash off any 
residue. The optical mask developed with the dimensions depicted in Figure 2.5. 
was then cleaned and dried. The final optical mask is shown in Figures 6 and 7. 
A detail of the bottom region of the pattern is depicted on Figure 2.8. 
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Figure 2.6. Detail of developed optical mask, (red box: Figure 2.7 ., Blue box: 
Figure 2.8) 
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Figure 2.7. Detail of developed optical mask, close up of Figure 2.6. (red box on 
Figure 2.6.). 
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Figure 2.8. Detail of optical mask, close up from Figure 2.6., bottom region (blue 
box on Figure 2.6.) 
7 .4. Device Development 
Fused silica was spin coated with a positive photoresist layer (SU1818) at 
4000 rpm for 30 seconds to obtain a 1900 nm layer determined by a spin speed 
curve calibration from which a thickness is provided according to the revolutions 
per minute chosen in the settings. A thick enough layer allows for flexibility of the 
amount of metal deposition and protects the features. The resist mask was then 
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defined by "projection" lithography in which the optical mask was located above 
the photoresist surface followed by UV light exposure to transfer the pattern to 
the wafer as demonstrated in Scheme 2.5. step 2. Subsequently, the mask was 
submerged in 500 ml of developer solution (MF 319) for 1.5 minutes and then 
through running water for 30 seconds as demonstrated in Scheme 2.5. step 3. 
Once the substrate was cleaned and dried, the pattern's features were evident 
on the substrate, as shown in Figure 2.9. 
Clean fused silica 
/ 
VPhotoresist layer 
\ 
-
• 
Figure 2.9. Fused silica substrate coated with photoresist after exposure and 
development (same region of the pattern as in Figure 2.8.) 
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7.5. Thermal Evaporation of Wires 
In order to ensure Au adhesion to the silica surface, a chromium adhesion 
layer of 5 nm was thermally evaporated onto the patterned substrate, followed by 
a 95 nm gold layer. Once the evaporated material cooled to room temperature, it 
was submerged in 500 ml of acetone in order to remove the sacrificial layer (the 
photoresist) and sonicated for 5 minutes in order to obtain optimal results. A final 
picture of the overall device is shown in Figure 2.10., three different views of the 
same prototype are depicted. Details of final device are shown in Figures 2.12. 
and 2.11. 
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Figure 2.1 0. Picture of final product. Au wires deposited on fused silica with 
dimensions illustrated in Figure 2.5. 
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Figure 2.11. Au wires deposited on fused silica substrate 
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Figure 2.12. Detail of bottom region of Au wires deposited on fused silica 
7.6. Four-point Probe Sample Preparation 
All measurements were carried out at room temperature. A thin film of 
each sample was applied by 5 1-JL additions of a 10 mg/ml TIF-TCNQ/acetone 
solution, until enough contact with the electrodes was . achieved. After each 
addition the solvent was left to evaporate to ensure the formation of a thin film. 
Resistivity measurements were then carried out for a TIF-TCNQ sample and 
repeated multiple times for precision. After the data were collected, the device 
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was submerged in acetone and sonicated for 1 min to thoroughly clean the 
reusable device. 
8.0. Results and Discussion 
The development of functional optical masks with different submicron 
features has been achieved for future use. Figure 2.5. illustrates the dimensions 
of the optical mask utilized for the device shown in Figure 2.1 0. Difficulties during 
the deposition of the Cr and Au layer suggested that the dimensions of the 
submicron features were not suitable for the deposition process. The rest of the 
pattern was deposited with Cr and Au successfully with precise definition as 
demonstrated in the macroscopic Figure 2.10 in which the deposited Au wires 
are shown and the details of Figures 2.11 and 2.12. The prepared substrate is 
suitable for use as described in Section 7.6 since probes accurately line up with 
the four point probe chosen tip as illustrated in Figure 2.4. The final prototype is 
illustrated in detail in Scheme 2.8. both in a cross section view (left) for the 
materials and a top view (right) for the dimensions. 
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Cross Section Top View 
• Au contacts I • 0 adhesloo laye' 
Au Contacts: -~::=j>~,J_-~____,.,.:jt,.___ ____ -----. 
• 95nmthick  I 
Cr layer: J 
• 5 nm thick -~-~t~---- - I -~ t - I 
• Fused silica substrate (S) 1270 ~m 250 ~m 
Scheme 2.8. Illustration of final device with depiction of materials and 
dimensions 
8.1. Measurements 
In order to test the accuracy of our device, an extensively studied material 
has been chosen as a control. TTF-TCNQ (tetrathiafulvalene 
tetracyanoquinodimethane) is a donor-acceptor organic molecule in which TT ... TT 
interactions iead to the formation of narrow band and an anisotropic 
semiconducting material[65l [661 [671 [681. 
Resistivity data were collected after three 5 IJL additions of a 10 mg/ml 
TTF-TCNQ/acetone solution drop-casted directly on the device for best results. 
Readings of sheet resistivity range between 1.92-92.0 KO at room temperature 
as demonstrated on Table 2.1. These data concur with published results with 
similar parameters (<1 00 K0)[65l [661 [671 [681, which is promising for our desired 
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measurements of the aforementioned 1 (D) nanowires. The developed device has 
also proven to be robust enough for reuse and ease of cleaning makes it ideal for 
multiple uses in short time frame. 
Table 2.1. Resistivity Measurements 
tJL of solution Resistivity (kO) 
8.2. Further Optimization 
5 1.92 
15 64.7 
25 
35 
79.5 
92.0 
Further optimization of the original dimensions for the optical mask must 
be undertaken since the use of features <1 1-1m were found to push the resolution 
limits of the thermal evaporator during the deposition of Cr and Au. A new 
approach led us to increase the size of the sub-micron probes up to 5 IJm in 
order obtain better definition in this region of the pattern during the photoresist 
development. The new design is depicted in Figure 2.13. in which a pattern with 
the smallest feature of 5 IJm is illustrated. During the pattern transfer by UV light 
exposure, the development of 11Jm features was challenging. Increments of 10 
seconds were added to original developing time to improve the pattern definition. 
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Results were underdeveloped for the smallest features, however, 
overdevelopment throughout the rest of the structure started to be evident as 
shown in Figure 2.14. 
~25~m 
10.5 mm 
6.5mm 
250~m~ ~1270~m 
Figure 2.13. Illustrations of new dimensions for optical mask with smallest 
feature of 51-Jm 
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• 
Photoresist layer 
\ 
Clean fused silica 
Figure 2.14. Unsuccessful development of pattern on photoresist coated fused 
silica 
After successful development of the optical mask with sub-micron features 
of 5 1Jm shown in Figure 2.12., structure definition was improved, however during 
thermal evaporation no deposition was achieved in the patterned submicron 
probes. Alignment of the mask can still be improved utilizing the aforementioned 
optical mask as well as further optimization of the development time. 
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8.3. Future Development- A New Approach 
To avoid cracks and defects in the thin films to be measured by a four 
point probe, instead of drop-casting the sample, microcrystals could be formed 
directly on the device by chemically etching a trench of specific area that was 
also deposited with Cr and Au wires as shown in Scheme 2.9. The pattern would 
be the same as described previously in this chapter (section 7) however a trench 
would be developed in the center of the substrate to provide a container for slow 
evaporation of a solution of the sample, which could potentially result in crack-
free crystalline films. 
Cross Section Top View 
Trench chemically etched 
---
Scheme 2.9. Illustration of device introducing a trench for slow evaporation 
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9.0. Summary and Conclusion 
Utilizing proven micromachining techniques, a device for four point probe 
measurements has been achieved with Au deposited wires compatible with a 
four point probe instrument. This device provides reliable data as demonstrated 
in the resistivity measurements of TTF-TCNQ thin films. The proposed sub-
micron features proved challenging to resolve on a scale <1 1-Jm, however the 
development of an optical mask featuring a pattern with probes 5 1-Jm wide is a 
promising new direction in order to obtain the desired design. Another approach 
to improvement of the device is the introduction of a chemically etched trench for 
slow evaporation of 1 D nanowires in order to avoid lattice defects in the film 
formation. 
Preliminary design and development results of the four point probe device 
have opened an exciting path for resistivity characterization of 1 D nanowires. 
Obtaining resistivity and conductivity data for the series of 1 D nanowires 
currently synthesized and otherwise characterizedl34l could shape the direction of 
the synthesis and optimization of the aforementioned materials as well as their 
classification according to electronic properties. 
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